Introduction {#section1-0963689719861275}
============

Full-thickness articular cartilage defects are among the most common injuries in orthopedics and sports medicine. They may lead to the development of osteoarthritis, resulting in serious pain and movement limitations^[@bibr1-0963689719861275]^. As regeneration capacity of cartilage tissue is very limited, articular cartilage repair remains a challenging. There are many traditional methods such as debridement, marrow stimulation, osteochondral grafting, and autologous chondrocyte implantation can be used to treat cartilage defects^[@bibr2-0963689719861275][@bibr3-0963689719861275]--[@bibr4-0963689719861275]^; however. these methods all have weaknesses, including the limitations of donor-site availability and morbidity^[@bibr5-0963689719861275]^.

Cartilage tissue engineering provides a new option for repairing articular cartilage defect. Several studies have applied culture-expanded bone marrow-derived mesenchymal stem cells (BM-MSCs) or adipose-derived stromal cells (ASCs) for cartilage repair. Although these treatments produce good short-term results, disadvantages exist: pain and donor-site morbidity during isolation of cells and the relatively low amount of BM-MSCs in bone marrow aspirates. Patients have to undergo two surgeries---autologous cells' collection and re-implantation after cell expansion---and in vitro cell culture would increase the risk of microbiological contamination. During the isolation of ASCs, after digestion and centrifugation, stromal vascular fraction (SVF) is resuspended and then placed in culture flasks to isolate the plastic-adherent ASC subpopulation. It is reported that SVF cells and ASC exhibit different features and properties^[@bibr6-0963689719861275],[@bibr7-0963689719861275]^. From the perspective of clinical application, SVF cells have great advantages over ASCs, because it is possible to obtain them during the operative procedure by processing in the operating theater and putting them back into the patient without laboratory expansion, which is required for the isolation of ASCs. As adipose tissue is an abundant source of stem cells, cell numbers required for re-implantation can easily be procured.

Poly(3-hydroxybutyrate) (PHB), a member of microbial biopolyesters polyhydroxyalkanoates (PHAs) family, is the most thoroughly investigated scaffold material for its good biocompatibility to cells^[@bibr8-0963689719861275]^. However, its high brittleness and low degradation have limited its application^[@bibr9-0963689719861275]^. Poly (3-hydroxybutyrate-co-3-hydroxyhexanoate) (PHBHHx) is a new member of the PHAs family; it has been reported to have much better elastomeric mechanical properties than PHB and PHBV and better biocompatibility with many cells^[@bibr10-0963689719861275][@bibr11-0963689719861275][@bibr12-0963689719861275][@bibr13-0963689719861275][@bibr14-0963689719861275][@bibr15-0963689719861275]--[@bibr16-0963689719861275]^. A PHB/PHBHHx blend was reported to improve mechanical properties and biocompatibility compared with PHB or PHBHHx, and chondrocytes proliferated better on the PHB/PHBHHx scaffolds than on the PHB one^[@bibr13-0963689719861275],[@bibr17-0963689719861275]^. PHBHHx in the composite system highly favored the production of extracellular matrix of articular cartilage chondrocytes^[@bibr18-0963689719861275]^.

In this study, a cartilage repair procedure was performed to repair articular cartilage defects in a rabbit model, integrating the *in situ* autologous stem cells (instead of exogenous stem cells) with PHB/PHBHHx scaffolds, which provided an appropriate physical support and residence for cell growth. This study comprised in vitro and in vivo parts. Studies in vitro detected whether PHB/PHBHHx scaffolds could support adhesion, growth, and proliferation of cells. In the in vivo study, we have compared SVF and ASC as an alternative cell source for replacing part of the chondrocytes seeded in the scaffolds, and have evaluated cartilage repair after implantation.

This study suggested that SVF is a better source than ASC for a co-implantation strategy with primary chondrocytes in cartilage repair. Our results illustrate a one-step surgical procedure for the regeneration of focal cartilage defects using a mixture of SVF from adipose tissue and uncultured chondrocytes.

Materials and Methods {#section2-0963689719861275}
=====================

Preparation of PHB/PHBHHx Scaffolds {#section3-0963689719861275}
-----------------------------------

PHB and PHBHHx (1:2 ratio by weight, provided by Tsinghua University, Beijing, PRC) were mixed with sodium chloride (NaCl) and then dissolved in chloroform (Sigma, St Louis, MO, USA) at 60°C. After agitation, the NaCl/PHA solution was cast in a Petri dish and air-dried at 20°C for 24 h. The NaCl/PHA mixtures were then removed from the Petri dish and washed several times with distilled water to remove all traces of NaCl. The PHB/PHBHHx scaffolds were frozen at --70°C, lyophilized in a freeze dryer for 24 h, and stored in a dessicator prior to use. The PHB/PHBHHx scaffolds were then cut into circular tablets (5 mm in diameter and 3 mm thickness) and exposed to gamma radiation (25 kGy) for 1 h for sterilization before cell seeding.

Cell Culture and Expansion {#section4-0963689719861275}
--------------------------

New Zealand white rabbits (aged 4--6 months, weighing 3.5--4.0 kg) used for this study were approved by the Institutional Animal Care and Use Committee of Zhengzhou University, China. All operations were performed according to international guidelines concerning the care and treatment of experimental animals.

Rabbit chondrocytes were isolated from hind knees cartilage by sterile dissection. Briefly, cartilage was minced and washed with PBS, then digested in Dulbecco's Modified Eagle Medium (DMEM, Hyclone, Thermo Scientific, Waltham, MA, USA) containing 0.15% type II collagenase (Sigma-Aldrich, St. Louis, MO, USA) and 10% fetal bovine serum (FBS, Sigma-Aldrich) in a 37°C shaking water bath overnight. The digested tissue was filtered and centrifuged, then cultured in chondrocyte proliferation medium (DMEM supplemented with 10% FBS, 50 mg/mL ascorbic acid, 100 U/mL penicillin, and 100 mg/mL streptomycin) in an atmosphere of 95% air -5% CO~2~ at 37°C and 95% relative humidity. When the attached cells had grown to 85--90% confluence, the cells were trypsinized and passaged.

SVF of rabbit adipose tissue was isolated from the dorsal fat pads. Briefly, the dorsal fat pads were minced and washed with PBS, then digested using 0.075% type I collagenase (Sigma-Aldrich) in a 37°C shaking water bath for 60 min. After neutralizing the collagenase, the digested tissue was filtered and centrifuged, then the resulting pelleted SVF was resuspended and seeded in culture flasks with MSC proliferation medium (aɑ-MEM supplemented with 10% FBS, 100 U/mL penicillin and 100 mg/mL streptomycin). Medium was refreshed every 3 days to get rid of nonattached cells. When the attached cells had grown to 85--90% confluence, the cells were trypsinized and passaged. The cells grown on tissue culture plastic were cultured to passage 2 before experimentation.

Expanded cells are called ASCs in this article.

Cell Adhesion, Proliferation, and Morphology on Scaffolds {#section5-0963689719861275}
---------------------------------------------------------

Rabbit ASCs were seeded at the density of 10^5^ per mL into the flasks and on glass coverslips into the 96-well plates, which were placed in the PHB/PHBHHx scaffolds at an appropriate initial density. A control group was established in which the ASCs were seeded at the density of 10^5^ per mL into the 96-well plates without the scaffold. For each group, three parallel holes were set up. After 2 h, 4 h, and 8 h of cell culture in the medium, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT) assay (Sigma-Aldrich) was carried out per the manufacturer's instructions to quantify the number of viable cells to determine the extent of cell adhesion on the scaffold. The absorbance at 570 nm was measured using a Thermospectronic Genesis 10 UV/Visible spectrophotometer (Thermo Electron Corp, Fitchburg, WI, USA).

The number of viable cells was quantified on days 1, 3, 5, and 7 to determine the extent of cell proliferation and the cytotoxicity of the PHB/PHBHHx scaffolds by cell counting assay kit-8 (Dojindo, Kumamoto, Japan) per the manufacturer's instructions. The absorbance at 450 nm was measured using a Model 550 micro-plate reader (Bio-RAD, Hercules, CA, USA).

At 1, 3, 5, and 7 days, cells/scaffolds constructs were washed with PBS and fixed in 2.5% glutaraldehyde in PBS overnight at 4°C. The constructs were then stained with 1% osmium tetroxide, dehydrated in graded concentrations of alcohol, freeze-dried for 8 h, and coated with gold. The samples were examined with a scanning electron microscope (SEM, JEOL JSM-6360LV, Tokyo, Japan) at an accelerating voltage of 20 kV. The morphological structure of the PHB/PHBHHx scaffolds was also observed by SEM.

Full-thickness Articular Cartilage Defect Repair {#section6-0963689719861275}
------------------------------------------------

Twelve New Zealand white rabbits (24 knees) were anesthetized by auricular vein intravenous injection of 45 mg/kg body weight pentobarbital sodium. Full-thickness cartilage defects extending through the cartilage layer and penetrating the subchondral bone were created surgically at the femoropatellar groove of both hind-leg knee joints. The defects measured 4 mm in diameter and 2 mm in depth ([Fig. 1](#fig1-0963689719861275){ref-type="fig"}).

![Full-thickness articular cartilage defect repair.](10.1177_0963689719861275-fig1){#fig1-0963689719861275}

The knees were randomly divided into four groups: group 1 knees underwent microfracture with implanted cell-free scaffolds; group 2 knees underwent microfracture with implanted rabbit chondrocytes scaffolds; group 3 knees underwent microfracture with implanted rabbit ASC and chondrocyte (1:1) scaffolds; and group 4 knees underwent microfracture with implanted rabbit SVF and chondrocyte (1:1) scaffolds. After treatment, all rabbits were kept in cages freely with no immobilization. The rabbits were sacrificed by overdose anesthesia after 10 weeks to assess the repair process of cartilage effects.

Histology {#section7-0963689719861275}
---------

The implantation sites were harvested and fixed in 4% paraformaldehyde for 48 h at 4°C. Samples were dehydrated through a series of graded alcohol baths and in xylene, embedded in paraffin using routine procedures. Serial sections of 5 µm were cut horizontally along the maximum diameter of the repaired sites. Histological staining was performed with hematoxylin-eosin (HE, Beyotime, Nanjing, China), alcian blue, and safranin O (Sigma-Aldrich).

International Cartilage Repair Society Scores {#section8-0963689719861275}
---------------------------------------------

The International Cartilage Repair Society (ICRS) Score was used to evaluate cartilage regeneration under macroscopic outcomes^[@bibr19-0963689719861275]^, and the ICRS Visual Histological Score was used to evaluate histological outcomes^[@bibr20-0963689719861275]^. The samples were evaluated by 10 observers blinded to the group identities. Spearman correlation was used to test the consistence of the scores by the 10 observers.

Statistical Analysis {#section9-0963689719861275}
--------------------

Stata/SE 12.1 for Windows (StataCorp LLC, College Station, TX, USA) was used for statistical analysis. The nonparametric test was used for the ICRS scores statistical analysis. The Kruskal--Wallis H test was used to compare the three groups, and the Mann--Whitney test was used between every two groups. The level of statistical significance was defined as *p* \< 0.05.

Results {#section10-0963689719861275}
=======

Characterization of the PHB/PHBHHx Scaffolds and Seeding of Cells {#section11-0963689719861275}
-----------------------------------------------------------------

SEM micrographs showed that PHB/PHBHHx scaffolds had polygonal and interconnected pores; the magnified view of the pores was fairly uniform and had rough morphology. At 1 and 3 days after seeding in the scaffolds and culture in vitro, the cells were partially dispersed on the surface of the scaffolds, but most of the cells were infiltrated into the 3D microarchitecture. The cells rapidly migrated and proliferated, and after 5 days were grown to confluence on the surface ([Fig. 2a](#fig2-0963689719861275){ref-type="fig"}). This indicated good biocompatibility between the cells and scaffolds.

![In vitro cell behavior of PHB/PHBHHx scaffolds. (a) The cell morphologies of ASCs on the PHB/PHBHHx scaffolds at different days as shown by SEM. (b) Cell adhesion of ASCs on the PHB/PHBHHx scaffolds and Petri dishes. (c) Cell proliferation of ASCs on the PHB/PHBHHx scaffolds and Petri dishes. \*Significantly different from control group (*p* \< 0.05).](10.1177_0963689719861275-fig2){#fig2-0963689719861275}

In Vitro Assay of Cell Behaviors on the Scaffolds {#section12-0963689719861275}
-------------------------------------------------

A cell adhesion assay was indirectly performed to quantify the amount of trypsinized cells adhered onto the PHB/PHBHHx scaffolds at 2, 4, and 8 h post-seeding. The MTT showed that after 2, 4, and 8 h of culture, the cells on the scaffolds exhibited a much greater average absorbance values as compared with the control groups (*p* \< 0.05) ([Fig. 2b](#fig2-0963689719861275){ref-type="fig"}).

The cell proliferation rate on the scaffolds was assessed using the CCK-8 kit. The results showed that after day 1, the cells on the scaffolds had a significantly higher proliferation rate than those found on the control group (*p* \< 0.05) ([Fig. 2c](#fig2-0963689719861275){ref-type="fig"}).

In Vivo Evaluation of Engineered Cartilage {#section13-0963689719861275}
------------------------------------------

After 10 weeks of orthotopic implantation, histological staining was used for cartilage repair evaluation. In group 1, the implants formed vascularized yellow tissues, and HE staining showed that these specimens were mainly fibrous tissue and non-degraded PHB/PHBHHx scaffolds. Specimens were negative for safranin O and alcian blue staining. In group 2, positive staining for safranin O and alcian blue was observed only in some areas of a few specimens. Bits of cartilage were found in the defect. In group 3, the implants retained its similar shape and had a glistening appearance with a relatively smooth surface. HE staining further showed that the differentiated cells produced an irregular extracellular matrix, and a few sporadic lacuna-like structures were observed among the scaffolds. Specimens were positive for safranin O and alcian blue staining. In group 4, the implants exhibited a white cartilage-like appearance that resembled native cartilage. The chondrocyte-specific stainings were brighter than in group 3; the typical cartilage lacuna was also observed, and no remnants of PHB/PHBHHx existed ([Fig. 3a](#fig3-0963689719861275){ref-type="fig"}).

![The evaluation of the engineered tissue after orthotopic implantation. (a) Gross view and histological staining of repaired knee articular cartilage at 10 weeks. (b) Scoring criteria using the ICRS Score to assess the integration of the scaffold into the joint. ^\#^Significantly different from control and \*specified cells/scaffolds group, respectively (*p* \< 0.05).](10.1177_0963689719861275-fig3){#fig3-0963689719861275}

ICRS Cartilage Repair Assessment {#section14-0963689719861275}
--------------------------------

ICRS macroscopic scores and ICRS histological scores by the 10 observers were consistently tested by Spearman correlation. ICRS scores after repair confirmed that SVF/chondrocytes combined with PHB/PHBHHx promoted cartilage regeneration for macroscopic and microscopic assessments, and scores for group 4 were significantly higher than those of groups 1, 2, and 3 (*p* \< 0.05) ([Fig. 3b](#fig3-0963689719861275){ref-type="fig"}).

Discussion {#section15-0963689719861275}
==========

In comparison to PHB, the PHB/PHBHHx polymer blend has better surface properties which include surface free energy, surface chemical state, polarity, cell attachment, distribution, and differentiation for chondrocytes. It is useful for filaments of type II collagen to anchor and extend into deeper layers of the scaffolds^[@bibr21-0963689719861275]^. In addition, the scaffolds could form high densities of chondrocytes and promote the synthesis of the extracellular matrix^[@bibr18-0963689719861275]^. The 1:2 and 2:1 ratio of PHB/PHBHHx three-dimensional scaffolds were better for adhesion and proliferation of chondrocytes^[@bibr13-0963689719861275]^. The 1:2 ratio of PHB/PHBHHx scaffolds was also good for hASC viability, chondrogenic differentiation, and glycosaminoglycan (GAG) synthesis^[@bibr22-0963689719861275]^. It was found that the PHB/PHBHHx scaffolds could activate a redifferentiation process, which allowed chondrocytes to express and produce type II collagen^[@bibr18-0963689719861275]^. Also the scaffolds were able to maintain the differentiated phenotype of hASCs by mimicking the extracellular matrix of cartilage, which suggested that PHB/PHBHHx has the capacity for differentiation^[@bibr22-0963689719861275]^. The degradation rate of scaffolds affects cell growth and vitality^[@bibr23-0963689719861275]^. It is known that the main degradation products of the PHAs family are all non-toxic^[@bibr24-0963689719861275][@bibr25-0963689719861275]--[@bibr26-0963689719861275]^, and the degradation product of PHB/PHBHHx, 3-hydroxybutyrate (3HB)^[@bibr27-0963689719861275]^, has good biocompatibility with hASCs^[@bibr22-0963689719861275]^.

Advancement in tissue engineering for cartilage repair includes overcoming several problems about the use of the cells. ASCs are abundant, readily accessible, and easily expandable. In our previous report^[@bibr28-0963689719861275]^, after implantation of TGF-1/electrospun 3D P3HB4HB scaffolds with 4:1 co-culture of ASCs and chondrocytes, new cartilage-like tissue was formed at the site of the defects; the results were far better than those of non-cell-seeded implantation in rabbit at up to 16 weeks. However, it was found that in comparison to ASCs, SVF cells from the same donor were more potent in facilitating chondrogenesis in co-culture with chondrocytes. SVF cells may play the part of trophic mediators in co-culture pellets with chondrocytes^[@bibr29-0963689719861275]^. In previous studies, SVF cells showed stem cell characteristics that are very similar to expanded cells isolated from SVF, and SVF cells even appeared to be slightly better than expanded cells isolated from SVF in chondrogenic differentiation^[@bibr7-0963689719861275]^. Even though ASC and SVF share some common features such as multilineage differentiation, ASCs have a more homogeneous composition of cell types, and resemble more mesenchymal cell lineages than SVF. SVF are composed of heterogeneous cell populations including blood-derived cells (CD45+), ASCs (CD31- CD34+ CD45- CD90+ CD105- CD146-), endothelial (progenitor) cells (CD31+ CD34+ CD45- CD90+ CD105low CD146+), pericytes (CD31- CD34- CD45- CD90+ CD105- CD146+), and other cells^[@bibr30-0963689719861275]^; these non-mesenchymal cells enhanced the trophic effects of MSCs at least in co-culture with chondrocytes^[@bibr31-0963689719861275]^. Therefore, SVF cells could be a promising option for cartilage regeneration.

Conclusions {#section16-0963689719861275}
===========

In this study, our data demonstrated that PHB/PHBHHx scaffolds could support cell adhesion, growth, and proliferation, which provided a favorable environment for chondrogenic differentiation in vitro. In addition, chondrocytes form better cartilage tissue when co-implanted with SVF of adipose tissue than with ASC. Since the SVF chondrocyte combination can reduce the need for chondrocytes in cartilage regeneration, and SVF can be relatively easy and quickly isolated out of a liposuction and transplanted without further in vitro selection or expansion steps, this could provide the experimental basis for a one-step cartilage repair method in which SVF from adipose tissue and chondrocytes from the non-weight bearing joint surface are isolated, mixed, and implanted back into the patient during the same surgical procedure.
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